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ABSTRACT

Woolhiser, D.A., R.E. Smith, and D.C. Goodrich. 1990. KINEROS,
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Manual. U.S. Department of Agriculture, Agricultural Research
Service, ARS-77, 130 pp.

The kinematic runoff and erosion model KINEROS is an event-
oriented, physically based model describing the processes of
interception, infiltration, surface runoff, and erosion from
small agricultural and urban watersheds. The watershed is
represented by a cascade of planes and channels; and the partial
differential equations describing overland flow, channel flow
and erosion, and sediment transport are solved by finite
difference techniques. Spatial variability of rainfall and
infiltration, runoff, and erosion parameters can be
accommodated. KINEROS may be used to determine the effects of
various artificial features such as urban developments, small
detention reservoirs, or lined channels on flood hydrographs and
sediment yield.
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FREFACE

This manual is designed to provide a brief description of the
components of the kinematic runoff and erosion model KINEROS.

It also describes the program structure and the data set
required to represent a catchment and provides guidance for
estimating model parameters. The FORTRAN program for KINEROS is
included in the files KINHYD1.FOR, KINSED1.FOR, and KINTEM1.FOR
on the enclosed diskette. Input and output files for the
examples are also on the diskette. Instructions and any
revisions are included in the file README.DOC.
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m = Exponent in relationship between runoff rate and
storage per unit area
n = Manning’'s n
P = Channel wetted perimeter [L]
P = Effective channel wetted perimeter for infiltration [L]
Pr = Volume of rock in unit volume of soil
Q = Surface runoff discharge per unit width [L2T'1] or
channel discharge [L3T-1J
q = Lateral inflow rate to a plane (Rainfall rate minus
infiltration rate.) [LT_l]
. 2..-1
. = Lateral inflow rate to channel [L“T ]
. . 3.-1
97 = Flow rate into a reservoir [L°T 7]
9, = Sediment transport capacity per unit width-overland
flow [L2T71]
. 3.-1
95 = Flow rate out of a reservoir [L°T ]
. . 2,.-1
dq = Rate of lateral sediment inflow [L°T )
R = Hydraulic radius [L]
' . -1
r = Rainfall rate [LT 7]
Re = Reynolds number
Rn = Particle Reynolds number
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Weight of rock per unit weight of soil

Slope of plane or channel
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Initial relative saturation
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Time [T]
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3
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Particle fall velocity [LT-l]
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storage per unit area
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B = Exponent in sediment transport relationship

¥ = Exponent in sediment transport relationship
Ty = Specific weight of water
s = Exponent in sediment transport relationship
At = Finite difference time increment [T]
Ax = Finite difference length increment [L]
€ = Exponent in sediment transport relationship
7 = Infiltration recovery rate factor
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HC = Intersection angle in conduits
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C s 2
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KINEROS, A KINEMATIC RUNOFF AND EROSION MODEL: DOCUMENTATION
AND USER MANUAL '

D.A. Woolhiser, R.E. Smith, and D.C. Goodrich

INTRODUCTION

Engineers and soil conservationists often need to estimate
runoff rates and volumes from ungaged watersheds. Traditional
formula methods are useful for some purposes, but for many
objectives more precise knowledge 1is required about the
hydrologic response of a watershed or model sensitivity to
various physical factors or assumptions. For this purpose,
physically based distributed models of runoff are becoming more
widely used. This report describes such a model, called
KINEROS.

Since about 1970, the kinematic wave approximation has become a
widely used method to simulate the movement of rainfall excess
water over the land surface and through small channels.

Although this method requires simplifying assumptions compared
to more complete theory, its hydraulic requirements are well
established (Wooding 1965, Woolhiser and Liggett 1967). It has
been extensively verified by experiment (Woolhiser et al. 1970,
Morgali 1970, Schreiber 1970, Kibler and Woolhiser 1970, Rovey
and Woolhiser 1977). This method was applied to an arbitrary
network of planes and channels in a computer model called KINGEN
by Rovey et al. (1977). This model employed a computer solution
derived model for infiltration to simulate the production of
runoff, and it was intended for rural or urban runoff studies
using a design storm.

Since publication of that document (Rovey et al. 1977), the
model has been modified--the most notable modifications being
the inclusion of simulation of erosion and sediment transport,
revision of the infiltration component, and inclusion of a pond
element. The model, now called KINEROS, has attained some
popularity and has been used by research and consulting groups.
KINEROS simulates the response of a catchment, whose
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configuration is defined by the user, to the occurrence of a
user-specified rainfall event. The intensity pattern of
rainfall at one or more points on the watershed must be
described. KINEROS is applicable to several kinds of small
watersheds, including natural and disturbed rural watersheds and
urban watersheds of arbitrary configuration. It is assumed that
runoff is generated by the Hortonian mechanism, that is,
rainfall rates exceed the infiltration capacity, so the model is
not appropriate for catchments with significant subsurface flow
components. The infiltration model is interactive with the
surface water routing model, and realistic interrelations are
modeled. The simulation of erosion is optional and is based on
work done by Smith (1978, 1981).

This report consists of--

1. Brief explanation of the mathematical models of the
processes included,

2. Explanation of the program structure and the data set
required to represent a catchment,

3. Set of examples to help the user understand the various
input options and the output information produced.




Introduction

THEORY

Mathematical models of several components of the hydrologic
cycle are required to describe and predict Hortonian runoff from
complex watersheds. Both spatial and temporal variabilities of
the rainfall input and of model parameters substantially affect
the runoff process and must be accounted for. Temporal and
spatial scales vary from component to component, and the problem
of identifying the appropriate modeling scales for each com-
ponent is the subject of ongoing research. In this section we
describe the theory involved in the processes of rainfall,
interception, infiltration, overland flow, open channel flow,
erosion, sediment transport, reservoir routing,and reservoir
sedimentation as used in KINEROS. Because of space limitations,
the treatment is brief. However, given the material in this
section and in the references, the user should be able to
recognize the strengths and limitations of the model.

KINEROS is a distributed, event-oriented, physically based model
describing the processes of surface runoff and erosion from
small agricultural and urban watersheds. It is a distributed
model because the watershed surface and channel network are
represented by a cascade of planes and channels. Each plane may
be described by its unique parameters, initial conditions, and
precipitation inputs; and each channel, by unique parameters.

It is an event-oriented model because it does not have
components describing evapotranspiration and soil water movement
between storms and therefore cannot maintain a hydrologic water
balance between storms. Given initial soil moisture conditions,
it calculates surface runoff for a single event or surface
runoff and erosion if the erosion option is selected. It is
physically based because the mathematical models used to
describe the components are based on such physical principles as
conservation of mass and momentum. We appreciate that not all
the required physical principles are included (or well known in
some instances), and the geometry of the model system is only an
approximation (frequently a very crude approximation) of the
real watershed.

Because of its distributed nature and its physical basis,
KINEROS may be useful in determining the effects of various
artificial features such as urban developments, small detention
reservoirs, or lined channels on flood hydrographs and sediment
yield.

The overall modeling approach can best be described by
considering an example. A contour map of a small watershed and
a schematic drawing of the cascade of planes and channels used




to represent it are shown in figures 1 and 2. The general
approach is to divide the watershed into a branching system of
channels with plane elements contributing lateral flow to the
channels or to the upper end of first order channels. The
rainfall input may be spatially wvaried, and infiltration and
roughness characteristics may differ for each plane. Data op
rainfall depth versus time can be provided for 1 to 20 sites
within or near the basin. Program KINEROS then calculates the
difference between rainfall rate and infiltration rate for 5 g
15 nodes for each overland flow plane. The surface runoff
routing and infiltration components are interactive so that
infiltration may continue when rainfall has stopped provided
water remains on the plane. Runoff is routed over each plane
and through the channel system (and reservoirs, if present) tq
the watershed outlet. Channels may also lose water through
infiltration. If the erosion option is used, erosion,
deposition, and sediment transport are calculated and sediment
is routed through the system.

Interception As rain falls on a vegetated surface, part of it is held on ty,

foliage by surface tension forces. Because it does not reach
the soil surface, it has no part in infiltration. Accordingly
an interception depth (I) is subtracted from the rainfall befoée
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Figure 1.
R-5 catchment, Chickasha, OK: A, contour map; B, division into plane and
channel elements.
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Figure 2.
Schematic of R-5 plane and channel configuration.

infiltration is calculated. In KINEROS, the rainfall rate is
reduced until the interception depth (I) has been satisfied. If
the total rain falling during the first time increment (At) is
greater than I, the rainfall rate is reduced by I/At. If the
depth is less than I, the rate is set to zero and the remainder
of interception is removed from the rainfall in the following
time increments.

Several researchers have reported appropriate values of
interception for various types of vegetative cover. Some of
these are summarized in table 1. Interception is affected by
the species of vegetation, percentage of canopy cover, growth
stage of vegetation, season of year, and wind velocity.
Therefore, the values of I in table 1 should be adjusted for
such conditions as growth stage and height. Horton's (1919)
data reflect lower plant populations and fertility levels than
found in current practice so are probably too low for corn.
Although interception may be highly significant in the annual
water balance, it is relatively unimportant for flood-producing
storms.

"




Infiltration

Table 1.
Interception depths (I)

Vegetative
cover Height 1 Reference
m ft mm in
Corn 1.82 6 0.76 l0.03 Horton (1919)
Tobacco 1.22 4 1.8 L .07 Horton (1919)
Small grains .91 3 4.1 1 .16 Horton (1919)
]
Meadow grass .30 1 2.0 - .08 Horton (1919)
Alfalfa .30 1 2.8 t L1l Horton (1919)
Grass (fescue) - -- 1.0 - 1.2 .04 - 048 Burgy and Pomeroy
(1958)
Mixed hardwoods - - - - .5 - 1.8 ,02 - .07 Horton (1919)
Apple -- -- .5 .02 Calheiros de Miranda
and Butler (1986)
Big bluestem
grass .6 2 2.3 .09 Clark (1940)
Bluegrass - - -- 1.0 .04 Haynes (1940)
Tarbush -- -- 3.0 2 .12 Tromble (1983)

1For 1-in (25.4-mm) storms.

2 .
Depth of water per crown projected area.

During rainstorms the rate of rainfall changes continually,
beginning and ending with a zero rate. Partly because of
limitations in measuring equipment, we commonly approximate this
rate change with a finite number of relatively short pulses.
Each pulse is assumed to have a constant rate, but the rate
changes from pulse to pulse. This sequence of rainfall pulses
becomes the temporally and spatially distributed input to
surface flow when it falls on impervious elements in the
catchment. For land surfaces, however, there are always
portions of the rain that (1) are intercepted by plants or
surface litter or both and (2) enter the soil. The rate of
input to surface runoff per unit area is called rainfall excess,
and it is the difference between rainfall and infiltration rates
plus interception rate. The infiltration rate is not constant;
its pattern responds to the variation in rainfall rates and to
the accumulated infiltration amount.

Rainfall Infiltration

At the beginning of a storm on an infiltrating watershed, there
will always be an initial period within which the infiltration
rate (f) is equal to the rainfall rate (r) and the rainfall
excess (q) is zero. During this period, the soil can absorb
water faster than the rain is supplying it and it may be called
a rain limited infiltration periocd. The maximum rate at which

L1



water could enter the soil, called the infiltration capacity
(f ), can be described as a function (f) of the initial water
c

content (61) and the amount of rain already absorbed into the

soil (F):
£, = g(F,&i) (1]

The initial water content (91) is assumed constant over the

depth of wetting but varies between storms. The relation
ﬁ(F,Hi) is derived from simplifying assumptions allowing an

analytic solution of the underlying Darcy flow equation and
continuity of water across the surface (Smith 1983). Two
parameters are key to the infiltration model. One is the
effective saturated hydraulic conductivity (KS); another is the

effective net capillary drive (G):

0
[ K(y)dy (2]

=~

S

I

in which Y soil matric potential [L]

I

K () hydraulic conductivity function [L/T]

Notice that G has units of length and can be thought of as a net
or effective value of capillary head. G is conceptually a soil
characteristic and does not incorporate the effect of initial
water content, which is treated independently. Smith (1983)
showed that the effect of the initial water content is not
linear, in general, but can be considered linear for a large
range of initial water contents.

Equation [2] allows G to be derived from basic hydraulic
characteristics of the soil relating unsaturated hydraulic
conductivity to § and . It can also be considered a parameter
to be determined from field experiments with infiltrometers.

Rawls et al. (1982) compiled hydraulic data on a large number of
soils over a range of textural classes, from which general
estimates for values of G and KS can be taken. These are

presented in table 2. Cosby et al. (1984) presented regression
equations for estimating log KS and other parameters based on

percent sand, silt, or clay.

Smith (1983) reported several similar expressions for describing
infiltration rate responses to rainfall, which are derived from

unsaturated soil physics. Each analytic expression employs the

parameter G in tandem with the saturation deficit of the soil,




Table 2.

Soil hydraulic characteristics

Total Residual Maximum
porosity saturation saturation

Texture class () (Sr) (Smax) Mean KS

3 3 .
cm_ /cm cm/h in/h
Sand 0.437 0.045 0.95 21.0 8.3
0.374 - 0.500

Loamy sand 437 .080 .92 6.1 2.4
.368 - 506

Sandy loam 453 .09 .91 2.6 1.0
.351 - .555

Loam 463 .06 .94 1.3 .52
.375 - 551

Silt loam .501 .03 .97 .68 .27
420 - 582

Sandy clay loam .398 .17 .83 .43 .17
.332 - 464

Clay loam Lb64 .16 .84 .23 .09
409 - 519

Silty clay loam 471 .08 .92 .15 .06
418 - 524

Sandy clay 430 .25 .75 .12 .05
.370 - 490

Silty clay 479 .12 .88 .09 .04
425 - 533

Clay 475 .19 .81 .06 .02
427 - 0523

lObtained by analysis of data presented in Rawls et al. (1982).

2Arithmetic mean obtained from arithmetic means of soil
characteristics in Rawls et al. Geometric mean is obtained by
taking the antilog of the mean of the logarithms of the same
data. Range shown below each value is approximately + one
standard deviation.




Arithmetic Geometric2

Arithmetic Geometric
cm cm in in
10.1 4.6 4.0 1.8
2.2 - 20.7 0 - 27. 0.86 - 8.2 0.34 - 10.7
14.7 6.3 5.8 2.5
4.1 - 32.3 3 - 31. 1.6 - 12.7 .91 - 12.5
248 12.7 9.8 5.0
9.8 - 52.6 0 - 54 3.6 - 20.7 1.2 - 21.3
37.5 10.8 14.8 4.3
18.5 - 93.7 9 - 74, 7.3 - 36.9 .75 - 29.1
48.5 20.3 19.1 8.0
22.0 - 104.3 .3 - 118. 8.7 - 41.7 1.7 - 46.5
61.7 26.3 20.1 10.4
22.0 - 107.0 .0 - 132. 8.7 - 42.1 2.5 - 52.0
53.3 25.9 21.0 10.2
25.0 - 117 .4 .7 - 116, 9.8 - 46.2 2.6 - 45.6
72.0 34.5 28.3 13.6
37.0 - 147.0 .5 - 168. 14.6 - 57.9 3.3 - 66.1
76.8 30.2 30.2 11.9
37.3 - 173.0 .6 - 178. 14.7 - 68.1 2.2 - 70.1
81.2 37.5 32.0- 14.8
43.0 - 170.0 .3 - 182. 16.9 - 66.9 3.7 - 71.7
8§9.0 40.7 35.0 16.0
46 .0 - 183.0 .8 - 204, 18.1 - 72.0 3.5 - 80.3




which is the difference between the volumetric water-holding
capacity of the soil and its initial water content. Calling
this parameter B, we have

B

G (BS - Hi) [3]

or

o
It

Gé (S ..~ 5 [3a]

in which ¢ is soil porosity, 65 and Bi are saturated and initial

3.3 . e s
water contents [L7/L7], and Smax and Si are maximum and initial

values of relative saturation, defined as §/¢é. Parameter B has
units of length like G and simply combines the parameter G with
the time-dependent variable ﬁi or Si' In KINEROS we use the

second of these two expressions, since conceptually relative
saturation is easier to deal with as a value from 0 to 1.
Actually Si is limited on the lower end by the value of residual

saturation (Sr)' Values of Sr are presented in table 2 and

relative saturation values at permanent wilting point and "field
capacity"” are shown in table 3 as an aid to judgment in
selecting Si'

Table 3.
Relative saturation at permanent wilting point

and field capacity

Relative saturation

Texture class Permanent wilting1 Field capacityl
Sand 0.08 0.21
Loamy sand .13 .29
Sandy loam .21 .46
Loam .25 .58
Silt loam .27 .66
Sandy clay loam .37 .64
Clay loam .42 .69
Silty clay loam 44 .78
Sandy clay .56 .79
Silty clay .52 .81
Clay .57 .83

1Derived from mean values of Table 2 in
Rawls et al. (1982) using total porosity.




The infiltration expression used in KINEROS comes from Smith and
Parlange (1978):

£, = K, exp(F/B)/[exp(F/B)-1] (4]

The parameter Ks acts somewhat as a scaling parameter for f as
c

equation [4] indicates. For a short time interval after the
beginning of rainfall or small values of F (generally when F/B <
0.1), equation [4] approaches the gravity-free infiltration
relaticn

£_ = BK_/F (5]

The infiltration process for uniform soils, therefore, consists
of two parts, as illustrated in figure 3. Initially,
infiltration is limited by the rain intensity, and F is
accumulated at rainfall rate (r). The point 4t which fc becomes
limiting is called ponding, specifically as either ponding time
(tp) or ponding depth (Fp). After that point, equation [4]
defines the infiltration rate (f), and f is limited by fc. Thus
f is always the lesser of r or fc' The diagonal line on the
logarithmic plot of figure 3, to which fc is asymptotic at small

values of F, is described by equation [5]. The asymptote at

large F is f = KS.

log f
f(F),eq.(4)
" f=r
Ponding
F= Fp
Ks
log F
Figure 3.

Definition sketch for infiltration model.
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Infiltration During Recession

When the rain ceases or falls to a rate below the infiltration
capacity (fc), infiltration continues from the rain and flowing

water still on the soil surface until the water is locally
depleted. Unlike rainfall, however, the supply of infiltrating
water from flowing water cannot reasonably be assumed to be
continuous over the surface. The kinematic treatment of the
surface water flow does not require the assumption of “"sheet”
flow. On natural surfaces, flows are commonly confined to
rivulets according to the geometry of the microtopography. As a
result, infiltration of surface water during recession is
limited by the fraction of the soil surface exposed to the
surface water.

KINEROS provides a simple modification of infiltration during
recession by describing the surface microtopography with a
parameter RECS. This parameter represents, conceptually, the
local maximum average depth of surface water flow for which the
surface is essentially completely covered by the water. As
average flowing water depth (h) 1is reduced below this depth,
the surface covered by the flowing water is assumed to decline
in direct proportion to the depth. Thus when the local mean
depth is half of RECS, the soil surface is assumed to be half
covered by the flowing water. A very low value of RECS
represents a relatively smooth soil surface, with little
topographic variation, such as a sod-covered plane; a large
value of RECS represents a very rough or rilled surface, with
flowing water confined to a small part of the surface. The
ratio of h to RECS is used to reduce the net rate of loss of
surface water by infiltration during recession conditions, as
far as the surface water flow equations are concerned.

Recovery of Infiltration Capacity During Rainfall Hiatus

The theory represented in equations [2] through [4] applies in
general when r > Ks. Often in real rainfall patterns there are
one or more intervals during a storm in which 0 < r < Ks. As
long as water remains on the surface to satisfy fc’ these
intervals are still covered by this theory.

When a longer hiatus occurs, in which part or all of the surface

is free of water, redistribution of soil water will occur and a
subsequent rainfall will find a new and larger value of Si' In

KINEROS, the changes in relative saturation during such an
interval are based on an analytic estimate of the water content
that the soil would attain for a given r < KS if that rainfall

&




continued indefinitely. This steady unsaturated flow

relationship is based on a relation used by Brooks and Corey
(1964) and others, between soil flux (equal to rain rate at a
large time) and relative saturation at the steady rate, S(r):

P
: r | .
S(r) = Sr + (SmaX - Sr) {Ks ] ;o (r < KS) [6]
SmaX and Sr are as defined previously, and p is an exponent on

the order of 0.20. The long term S(r) is not achieved in the
context of a typical changing pattern of r but is useful for
estimating the direction of change of Si' If rain rate

increases from 0 to rj (rj < KS), water content will increase
toward S(rj) (equation [6]). Neglecting surface evaporation,

the long term value of relative saturation for r = 0 is Sr'

KINEROS estimates the change of Si during a hiatus by assuming

this value moves asymptotically toward the value of S(r) as long
as r < KS:

Sg = Sg-l + [min (Sj, Sc) - Si-lJ [1 - exp(—nAt)} [7]

in which j superscript or subscript represents time levels, and
n is a rate factor which we wish to be a function of the depth
of water previously infiltrated, and also a function of the
amount of water still on the surface:

n=[1 - h/RECS]exp(-QF)JaKS (8]

Sc is the relative saturation at field capacity (-0.33 bars) as

computed from a non-linear regression relationship derived from
mean values of Ks versus water content at field capacity from

Rawls et al. (1982). SC is computed from the regression
relationship using the input Ks so the user does not need to

supply this quantity.

For a long hiatus equation [8] tends toward the initial relative

(Si) if Si < SC and tends toward relative field capacity (SC) if
S} > S .
i c
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This is a conceptual relation, but it has worked adequately
based on experimental data from Walnut Gulch watershed in
Arizona. The relationship provides that redistribution proceeds
more slowly for large rains (F) or for tighter soils (low Ks),

and more rapidly for small F or large KS. "a" is a fitting

parameter, and is currently set to 0.95. RECS was defined
previously, and the first term in this expression provides for
the reduced redistribution rate when water partly covers the
surface during recessions.

Numerical Treatment

In the context of a simulation model, solution of many equations
moves forward in time steps, and one needs to know the
conditions during each step. 1In the case of infiltration, we
need a value for the mean infiltration rate over the time step
at every location along the flow path. When the solution must
proceed in the time domain, an approach is required that varies
from the straightforward application of the previous equations.

Recognizing that f = dF/dt, one may write dF/dt = f(F) and
integrate this relation in steps:

F(t + At)
dr
At = (F [9]
F(t)

The true mean value of fC over an interval from time t to t + At

(with fc less than r) is obtained as

f(at) = AF/At = [F(t + At) - F(t)]/(At) [10]
F(t + At) is obtained numerically using equation [9] over the

interval At divided into as many increments as desired. The
infiltration rate (£(F)) in equation [9] is taken along the line
f = r for up to ponding depth and then follows £(F) from
equation [4], as in figure 3.

Equation [4] is also used to calculate infiltration from
trapezoidal channels. It is applied at each computational node
over an area equal to the product of the effective wetted
perimeter and the length increment (Ax), and becomes part of the
lateral inflow term (see equation [23]).



Hortonian Overland
Flow

When the rainfall rate exceeds the infiltration capacity and
sufficient water ponds on the surface to overcome surface
tension effects and fill small depressions, Hortonian overland
flow begins. Viewed at a microscale, overland flow is an
extremely complicated three-dimensional process. At a larger
scale, however, it can be viewed as a one-dimensional flow
process in which the flux is proportional to some power of the
storage per unit area. That is:

m

Q = ch [11]

where Q is the discharge per unit width, h is the storage of
water per unit area (or depth if the surface is a plane), and o
and m are parameters related to slope, surface roughness, and
whether the flow is laminar or turbulent. Equation [11] is used
in conjunction with the equation of continuity:

éh . 9Q _
3t + 8% - q(X,t) [12]
where t is time, x is the spatial coordinate, and q(x,t) is the
lateral inflow rate. If equation [1l] is substituted into
equation [12] we get

8h 1

m..
5t + amh

= q(x,t) [13]
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A definition sketch of one-dimensional flow on a plane surface
is shown in figure 4. It must be emphasized that the depicted
overland flow on a plane surface is not the type of flow found
in most field situations. Furthermore, the kinematic assumption
requires only that discharge be some unique function of the
amount of water stored per unit of area; it does not require
sheet flow.

Figure 4.
Definition sketch of overland flow on a plane.
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The kinematic wave equations are a simplification of the

de Saint Venant equations and do not preserve all the properties
of the more complex equations. Specifically, backwater cannot
be accommodated and waves do not attenuate (unless they form
shocks that do attenuate). It has been shown that the kinematic
wave formulation is an excellent approximation for most overland
flow conditions (Woolhiser and Liggett 1967, Morris and
Woolhiser 1980).

The depth at the upstream boundary must be specified to solve
the kinematic wave equations. If the plane is the uppermost
one, the appropriate boundary condition is

h(0,t) = 0 [14]

If another plane is contributing runoff to the upper boundary of
the plane in question, the boundary condition is

h(0,t) = R Yy ey /m

(y —[auu: u

where hu(L,t) is the depth at the lower boundary of the
contributing plane at time t, Wu is the width of the
contributing plane, o, is the slope-roughness parameter for the
contributing plane, m is the exponent for the contributing
plane, and a, m, and W refer to the lower or receiving plane.
In KINEROS the kinematic wave equations are solved numerically
by a four-point implicit method. Notation for the finite-

difference grid is shown in figure 5 and the finite-difference
equation is
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where 9w is a weighting parameter for the x derivatives at the

advanced time step. Because this equation is nonlinear in the
i+l . . .

unknown (hj+l}’ a solution is obtained by Newton's method

(sometimes referred to as the Newton-Raphson technique, cf.
Pearson ‘1983, p. 11). This difference scheme is unconditionally
stable from a linear stability analysis, but the accuracy is
highly dependent on the size of the At and Ax increments used.
The difference scheme is nominally of first order accuracy.
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: ? ? Figure 5.
a OX ' Notation - finite
difference grid.

Four options for a and m in equation [11] are provided in
KINEROS:

1. The Manning hydraulic resistance law is used. In this
option

o= 1.49 s¥/2/m and  m = 5/3 [17)

where S is the slope, n is Manning's roughness coefficient, and
English units are used.
2. A laminar law is used until the Reynolds number (Re=Q/u)

exceeds a critical value (RCRIT), and then Manning's law is
used. Thus if Re is smaller than RCRIT,

a = 8gS/(ky) and m= 3 [18]

where v is the kinematic viscosity, g is the acceleration of
gravity, and k is a dimensionless parameter that has a
theoretical value of 24 for a hydraulically smooth surface and
may be on the order of 14,000 for turf (Morgali 1970). If Re is

greate: than RCRIT, equation [17] is used.
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3. A laminar law is used until the Reynolds number exceeds a
critical value and then the Chezy law is used. Thus if Re is

smaller than RCRIT, equation [18] is used. If Re is greater
than RCRIT,

/2

a=CS and m - 3/2 [19]

where C is the Chezy friction coefficient.

4. The Chezy law, equation [19], is used for all values of Re.

Overland flow response characteristics are controlled by the
slope, slope length, and hydraulic resistance parameters as well
as the rainfall intensity and infiltration characteristics. For
example, if the Manning resistance law is used, the time to
equilibrium (te) of a plane of length (L) and slope (S) with a

constant rate of lateral inflow (q), is
3/5

_ n L
e 1.4981/2q2/3

(20]

where n is the Manning resistance coefficient. Therefore, to
maintain the time response characteristics of the catchment we
must retain the slope, slope length, and hydraulic resistance in
our simplified version of a complex catchment. The length,
width, and slope of the plane elements can be determined from
topographic maps. The hydraulic resistance (or parameter) is
more difficult to determine. First, a decision must be made
regarding the appropriate flow law. It is generally agreed that
overland flow on a plane begins as laminar flow and eventually
becomes turbulent at large Reynolds numbers. Values of the
critical Reynolds number range from 100 to 1,000 (Chow 1959, Yu
and McNown 1964, Morgali 1970). However, raindrops impacting on
the water film generate local areas of turbulent flow and have
an effect similar to increasing the viscosity of the fluid. For
example, the relationship between the Darcy-Weisbach friction
factor (fD) and Reynolds number for laminar flow over a

hydraulically smooth surface is




Several laboratory experiments (c¢f. Glass and Smerdon 1967, Li
1972) have shown that with raindrop impact this relationship
becomes

£y = k/R,; k > 24 [22]
k = k0'+ £(r) [22a]

where ko is the appropriate value for a given surface geometry

without raindrop impact and f£(r) is some function of the
rainfall rate. Although the effects of raindrop impact can be
significant on hydraulically smooth surfaces such as laboratory
catchments, they are not important for hydraulically rough
surfaces usually found in the field. The laminar flow model in
KINEROS does not include a relationship between k and rainfall
rate. Ranges of ko for various surfaces are presented in table

4,

Although the range of ko for each surface is large, the time of

s ss . ] 1/3 ,
equilibrium is proportional to ko / , so a 10 percent error in

ko will cause a smaller error in te. It should be noted that
the relationship Re = Q/u = uh/v is used for all surfaces in

KINEROS although, for example, the local depth (h) may not be
the appropriate characteristic length to use in flow through
dense sod.

In KINEROS it is not necessary to specify the critical Reynolds
number; rather, the appropriate turbulent Manning’'s n or Chezy C
is chosen. This choice will define the critical Reynolds
number, which is then used in the program to change the friction
law at the appropriate time. Ranges of Manning's n and Chezy C
obtained from experiments reported in the literature are also
shown in table 4, and values of Manning’s n are shown for a wide
range of surfaces in table 5. These values are generally
representative of very small areas when correspondence exists
between reality and the mathematical model of one-dimensional
flow over a plane. If a plane is used to represent areas larger
than about 2 acres (0.8 ha), these values should be adjusted (n
downward, C upward) to reflect the greater number of rills on
long slopes. Some guidance is available in the literature
regarding appropriate roughness adjustments and geometric model
simplification. Refer to Lane et al. (1975), Lane and Woolhiser
(1977), Wu et al. (1978), and Goodrich et al. (1988) for
background information.
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Table 4.

Resistance parameters for overland flow

Turbulent flow

Surface Laminar flow (ko) Manning's n Chezy C
ft1/2{s
Concrete or asphalt 24 - 108 0.01 - 0.013 73 - 38
Bare sand 30 - 120 .01 - 016 65 - 33
Graveled surface 90 - 400 .012 - .03 38 - 18
Bare clay-loam soil 100 - 500 .012 - .033 36 - 16
(eroded)
Sparse vegetation 1,000 - 4,000 .053 - .13 11 - 5
Short grass prairie 3,000 - 10,000 .10 - 20 6.5 - 3.6
Bluegrass sod 7,000 - 40,000 .17 - .48 4.2 - 1.8

Source: Woolhiser (1975).

Channel Routing

20

We recommend that option 1, Manning's law, be used for KINEROS
unless the watershed to be modeled is very small and
hydraulically smooth, in which case option 2 (Laminar-Manning)
is recommended. Options 3 and 4 are included for research
applications.

Unsteady, free surface flow in channels is also represented by
the kinematic approximation to the equations of unsteady,
gradually varied flow. Channel segments may receive uniformly
distributed but time-varying lateral inflow from planes on
either or both sides of the channel, or from one or two channels
at the upstream boundary, or from a plane at the upstream
boundary. The dimensions of planes are chosen to completely
cover the watershed, so rainfall on the channel is not
considered directly. The continuity equation for a channel with
lateral inflow is

a8
e v oax T 9. x0) (23]

where A is the cross-sectional area, Q is the channel discharge,
and qc(x,t) is the net lateral inflow per unit length of

channel. Under the kinematic assumption, Q can be expressed as

a unique function of A and equation [23] can be written as

3A . dQ 9
sc T aa ax - (X0 [24]



Table 5.
Recommended Manning's roughness coefficients
for overland flow

Cover or Residue Value
treatment rate recommended Range
tons/acre
Concrete or 0.011 .010 - 0.013
asphalt
Bare sand .01 .010 - .01s6
Graveled .02 .012 - .03
surface
Bare clay loam .02 .012 - .033
(eroded)
Fallow - .05 .006 - .16
no residue
Chisel plow <1l/4 .07 .006 - .17
<l/4 - 1 .18 07 - 34
1 -3 .30 .19 - 47
>3 .40 L34 - 46
Disk/harrow <l/4 .08 .008 - .41
174 - 1 .16 .10 - .25
1 -3 .25 140 - .53
>3 .30 --
No till <l/4 .04 .03 - .07
1/4 - 1 07 .01 - .13
1 -3 .30 16 - 47
Moldboard .06 .02 - 10
plow (fall)
Colter ' .10 .05 - 13
Range .13 0L - .32
(natural)
Range .10 .02 - 24
(clipped)
Grass .45 .39 - .63
(bluegrass sod)
Short grass .15 100 - .20
prairie
Dense grass1 .24 .17 - .30
. Bermuda grass1 .41 .30 - .48

1Weeping lovegrass, bluegrass, buffalo grass,
blue gramma grass, native grass mix (0Okla.),
alfalfa, lespedeza (from Palmer 1946),
Sources: Woolhiser (1975) and Engman (1986).
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The kinematic assumption is embodied in the relationship between
channel discharge and cross-sectional area.

Q= o8" 1A | [25)

where R is the hydraulic radius. If the Chezy relationship is
used, a = CJS and m = 3/2. If the Manning equation is used, a =

l.AQSl/Z/n and m = 5/3. Channel cross sections may be
approximated as trapezoidal or circular, as shown in figure 6.
Equations for various functions of trapezoidal geometry are
shown in table 6.
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Figure 6.
Channel and conduit cross sections.

In an urban environment, circular conduits must be used to
represent storm sewers. For the kinematic model to apply, there
must be no backwater and the conduit is assumed to maintain free
surface flow conditions at.all times--there can be no
pressurization. The continuity equation for a circular conduit
is the same as equation [23] with q, = 0. That is, there is no

lateral inflow. The upper boundary condition is a specified
discharge as a function of time. The most general discharge
relationship and the one often used for flow in pipes is the
Darcy-Weisbach formula:

s -2 u [26]

where Sf is the friction slope, fD is the Darcy-Weisbach

friction factor, and u is the velocity (Q/A). Under the



Table 6.

Elements of a trapezoidal channel from geometry of figure 6

FORTRAN
Geometric or variable or
hydraulic funection Mathematical
element name relationship
Wetted perimeter P b+CO1l + HeCO2
at depth h Col 1/ZL + 1/ZR
2 J 2
co2 1 + 1/ZL" + [1+1/ZR
Discharge at
depth h GAF (H) a(HeCOLe (b+H/2))N /(becol4H.co2) N1
Area at depth h AFH(H) H-COls (b+H/2)
N-1 N
HF (H) (HeCOle (b+H/2)) /(b+CO1+H-C02)
dq/dh DGH (H) o HF(H)«[C